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Fig. 1 Physical mechanism of the Weibel. 
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INTRODUCTION 

Relativistic laser matter interaction generates an intense fast electron beam with Mega-
ampere (MA) to Giga-ampere current. Such beam can propagate into high-density plasmas as 
background plasma electrons can provide sufficient return current to maintain charge and current 
neutrality. However, such system is subject to Weibel-like filamentation instabilities that break 
out the beam into filaments and generate intense magnetic fields. This could result in anomalous 
stopping and large angular spread of the electron beams, leading to a lower energy coupling to 
the fuel in the fast ignition (FI) scheme of inertial confinement fusion, therefore, of significant 
interest to FI. Understanding the nonlinear growth of the Weibel B-fields and its structure is also 
important to astrophysics as it is generally accepted to be responsible for relativistic collisionless 
shocks and cosmic rays and “jitter” radiation in gamma ray burst.  

The anticipated high energy and high intensity NIF ARC laser pulse (4.3 kJ, 5 ps) can 
produce fast electron beam with a mean energy of ~ 3 MeV and a total current of ~100 MA.  We 
have performed a series of hybrid particle-in-cell (PIC) simulations to study NIF-ARC laser 
produced fast electron beam transport and examine the dependence of the nonlinear evolution of 
the Weibel-like fields and its structure on the background plasma density and temperature as well 
as the beam divergence. Significant fraction of energy is found to transfer to the Weibel B-fields 
and there is strong dependence on the plasma density. Simulations have also been performed to 
assess the feasibility of probing the Weibel-like fields with high-energy (e.g., 10 MeV) protons.  
 
BACKGROUND 

The Weibel instability is a fundamental collective plasma process through which particle 
kinetic energy can be transferred to magnetic energy. This instability was first investigated by E. 
Weibel in 1959 where he predicted spontaneously growing electromagnetic fields in plasmas due 
to an anisotropic velocity distribution of 
electrons [1]. The physical mechanism of 
the Weibel instability is illustrated in Fig. 1. 
If there are two counter propagating electron 
streams in the Y direction, a transverse 
magnetic field in the Z direction can 
spontaneously arise from a noise source as a 
result of a perturbation in the net current. 
The transverse magnetic field will bend the 
electron trajectory due to the v × B force 
and lead to the aggregation of electrons 
reinforcing the perturbation which causes 
the further growth of the magnetic field, i.e., 
a positive feedback. The main consequence of this instability is to cause the electron beam to 
break-up into small filaments with a typical transverse dimension of the order of the collisionless 
skin depth, c/ωpe (where c is the speed of light and ωpe is the electron plasma frequency). 
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 The initial growth rate of the relativistic Weibel instability (WI) is given by  
 

! 

"WI =
#b0$ p0

% b0

nb0
np0

        (1) 

and can be much smaller than ωp0,  where nb0 and γb0 are the initial beam density and relativistic 
factor, respectively; ωp0 and np0 are the background plasma frequency and density.  WI develops 
over a very short time scale, on the order of 1/ωp0 and the growth rate has a maximum at a 
wavelength ~ c/ωp0 (the collisionless plasma skin depth) due to the kinetic effects. Many Particle 
In Cell (PIC) simulations have been performed to study the nonlinear evolution of the WI and the 
magnetic field structures in both fast ignition [2] and astrophysics scenario [3]. The electron 
beam are found to break into small-scale current filaments, and subsequently the filaments self-
organize in a coaxial structure and are then guided by the quasi-static magnetic channels. These 
small filaments are subsequently observed to coalesce to form large-scale filaments.  

In the context of ultra-high intensity short pulse laser solid interactions, both experiments 
and particle simulations have shown that the incident laser energy can be efficiently transferred 
to relativistic electrons with hundreds of keV to 100 MeV kinetic energy. The high energy flux 
yields 10’s – 100’s MA beam currents. The beam density at the interaction region can be 
comparable to the critical density γnc where γ is the relativistic factor and nc=1.1×1021 cm-3 for 1 
μm Nd:glass laser, which is approximately 1/100th of solid density. The incident beam intensity 
can be 100 times higher than the Alfvén current limit (IA=17βγ kA). Consequently, a return 
current has to be provided by the dense target to maintain charge and current neutrality for the 
relativistic electron beam to propagate. Such counter-propagating streams are strongly subject to 
the Weibel instability as seen in numerous PIC simulations [3]. The WI could play an important 
role in the fast ignition scenario as it can result in filamentation and magnetic field generation 
that would lead to collective energy loss of a relativistic electron beam in both coronal and core 
plasma region. Electron filaments have been observed both directly and indirectly in high 
intensity laser matter interaction experiments [4]. However, so far, the experimental data is 
scarce due to the limited capabilities on plasma sample creation and lack of advanced diagnostics 
to detect the magnetic fields with high spatial and temporal resolution.  Effects of electron beam 
and background plasma parameters on the evolution of WI have never been investigated 
systematically.  

Weibel instability plays an important role in astrophysical plasmas. Many astrophysical 
objects such as gamma ray bursts, jets from active galactic nuclei, jets from quasars and 
supernova remnants emit non-thermal radiation, which is believed to be emitted in strong 
collisionless shocks. The observed non-thermal radiation indicates that strong particle 
acceleration and magnetic field generation in these shocks. Weibel instability has been suggested 
as a mechanism for relativistic collisionless shock formation and shock dynamics depends on the 
long-term evolution of the magnetic fields. Various analytical models and PIC simulations [3] 
have shown that the Weibel instability triggers collisionless shock formation in non-magnetized 
plasmas, formation of the electron filaments and merging of small filaments, and the generation 
of magnetic fields. The Weibel instability is also suggested as a key part of the dynamics in 
generating the relativistic shocks thought to be the source of energetic radiation emerging from 
gamma ray burst [3]. Weibel instability has also been proposed to be the trigger for “jitter 
radiation”, which is suggested to emerge from gamma ray bursts..  
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OBSERVATION 
A. Simulations set up 

2D hybrid PIC simulations using the LSP code [5] are performed in Cartesian geometry 
with 1000 µm in X (longitudinal direction) and 200 µm in Y (transverse) with cell size as small 
as 0.25 µm. Background plasma is CH with various densities, i.e., 0.2 g/cc, 0.6 g/cc and 1.0 g/cc 
and temperature, i.e., 20 eV, 60 eV and 100 eV. Fast electrons are treated kinetically while 
background plasmas are fluid.  

ARC beam with the design parameters of 4.3 kJ in 5 ps focused to a 40 µm spot with the 
interferometric adaptive optics systems [6] will achieve the nominal peak intensity of 6.8×1019 

W/cm2. The expected relativistic factor is about 7 and the critical density is 7.7×1021 cm-3 (also 
the number density of the fast electrons that will be generated by the µm ARC). From the 
ponderomotive scaling law [7], relativistic electron beam produced from the interaction of the 
ARC beam with a thin solid foil target will have an average kinetic energy of 

! 

kThot (MeV ) = 0.511" ( 1+
I#µm
2

1.37 "1018Wcm$2 $1)  ≈ 3 MeV. With an energy conversion efficiency 

of η ~30%, the total energy carried by the relativistic electron beam will be about 1.3 kJ, which 
will result in a peak hot current density Jhot=η(Ilaser)/kThot ≈ 7.6×1012 A/cm-2 and a total current of 
about 95 MA. Such intense fast electron beam (5 ps flat temporal profile) is injected into the 
background plasmas. Two different divergence half angles, i.e., 30° and 15°, for the fast electron 
beam are used to study the dependence of the field growth on the initial fast electron beam 
divergence.  
 
 
 
 
 
 

B.  Dependence on the background plasma density 

	  
Fig. 2 Azimuthal B-field development as the result of the fast electron beam transport 
in CH plasmas with two different densities, i.e. 0.2 g/cc and 1.0 g/cc at 1 and 2 ps.  
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We observed very strong dependences of 
the Weibel field development with the 
background plasma density, particularly with the 
plasma density comparable to the beam density, 
which is consistent with the theory discussed in 
the Background section. Fig. 2 compares 
azimuthal magnetic fields at 1 ps and 2 ps for two 
different background plasma density cases, i.e., 
0.2 g/cc and 1.0 g/cc. For those simulations, fast 
electron beam divergence was kept at 30° and the 
initial plasma temperature was 100 eV. We 
clearly see that fast electron beam instantly 
breaks out into many µm-scale filaments inside 
the CH plasmas. Lower density (0.2 g/cc) 
background plasma results in much stronger B-
fields in both early time (1 ps) and a later time (2 
ps) close to the region where the beam was 
injected. While in the 1 g/cc density case, 
fast electrons can transport more efficiently 
further into the background plasmas. We 
see relatively stronger Weibel-like B-fields 
developed later time (e.g. 2 ps) inside the 
solid density CH plasmas associated with 
fast electron beam transport. Time 
evolution of the B-field energy shown in 
Fig. 3 clearly demonstrate a much fast 
growth of the WI fields and a factor of 4 
increase in field energy at the 0.2 g/cc case 
compared to that in the 1.0 g/cc 
background plasma density case. Fast 
electron beam transport in the lower 
background density case is severely 
inhibited as shown in Fig. 4.  

 
C. Effect of the background plasma 
temperature  
 Simulations were performed with 
the same background plasmas density (1 
g/cc) but with various initial plasma 
temperatures, i.e., 20 eV, 60 eV and 100 
eV. No clear trend was observed as shown in the time history of the accumulated B-field energy 
(Fig. 5). This can be attributed to rapid resistive heating of background plasmas with an intense 
fast electron beam at high current density.  
 
 

	  
Fig. 3 Time evolution of the B-field 
energy in three different background 
plasma density cases. 

	  
Fig. 4 Contour plots of the fast electron number 
density at 2 ps in the 0.2 g/cc and 1.0 g/cc 
background plasma density cases. 
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D. Effect of the fast electron beam divergence on the Weibel-like field development 
 Simulation was also performed with a smaller beam divergence (15°) to compare results 
from a standard calculation with a 30° divergence angle. The background CH plasma density and 
the initial temperature were 1 g/cc and 100 eV respectively. We found that the propagation of 
fast electron beam in solid density plasmas with a small beam divergence can induce more 
intense B-fields (due to a large gradient in fast electron current density) as shown in the time 
history of the B-field energy plot (Fig. 6) and the azimuthal B-fields contour plot (Fig. 7). 
Electron beam in this case is guided by the intense self-generated B-fields that lead to a more 
efficient energy transport as shown in the fast electron number density contour plot in Fig. 7(d). 

	  
Fig. 5 Time evolution of the B-field 
energy in three different background 
plasma temperature cases. 

	  
Fig. 6 Time evolution of the B-field 
energy in simulations with fast electron 
beam divergence of 15° and 30°. 

	  
Fig. 7 Comparison of azimuthal B-fields (a) and (b) and fast electron density (c) and (d) 
at 3 ps in simulations with fast electron beam divergence at 30° and 15° respectively. 
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Fast electrons are also found to accumulate on-axis which can be attributed to B-field deflecting 
electrons toward the center. 
 

  
E. Detect fast electron beam generated B-field and its structures with proton probe 
 Particle probe using both the implosion produced mono-energetic protons [8] and the 
high intensity ps laser produced broader energy range protons [9] have been widely used to 
probe the implosion, laser produced plasmas and the associated electromagnetic fields.	  The data 
interpretation however is not straightforward due to the complex field structures. We have 
performed preliminary 3D LSP simulations to evaluate the effectiveness of proton probing 
technique for measuring the field strength and imaging the complex field structures observed in 
our transport modeling shown above. Simulations were in 3D Cartesian geometry as shown in 
Fig. 8(a). To facilitate simulations, 2D spatial profile of a typical azimuthal B-field (Fig. 7(a)) 
was stacked Z direction with B-field set along Y. Background plasmas were not modeled. A 10 
MeV proton beam with a uniform density was injected downward, i.e., propagating in -Z 
direction from XY plane at Z=900. Under this arrangement, protons will be deflected along X 
direction. The time integrated proton beam density distribution on the XY planes along various Z 
locations was examined.  Fig. 8(b) shows the accumulated proton density distribution at Z=860 
µm plane. The modulations seen in the proton beam density distribution agree well with the 
structures in the By fields. At later time, protons were found to accumulate in regions where the 
B-fields were weak as shown in Fig. 8(c).  

The displacement distance along X direction obtained from the proton image at various 
Z-planes can be used to estimate the average B-fields. For example, we observe about 200 µm 

	  
	  

Fig. 8 (a) By fields stacked along Z 
direction in 3D LSP simulations and 
the simulated proton bema density 
(time accumulated) distribution at 
Z=860 µm plane (b) and at Z=500 µm 
plane (c). 
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deflection distance in the X direction at Z=500 µm plane after a propagation distance of 400 µm. 
This requires ~ 10 MG fields, consistent with the field magnitude we had in the simulations.  

It should be noted that deflection of protons in a real 3D experiment will be more 
complicated as the fields structures will be incoherent, unlike the simple case we used here. To 
fully interpret the proton probing data will require 3D simulations with truly 3D fields structures. 
Nonetheless, the technique shown here should be still valid.  
 
CONCLUSION 

We have performed a series of hybrid PIC simulations to study NIF-ARC laser produced 
fast electron beam transport and examine the dependence of the nonlinear evolution of the 
Weibel-like fields and its structure on the background plasma density and temperature as well as 
the beam divergence. Strong dependence on plasma density and fast electron beam divergence 
was observed. Low background plasma density leads to strong grow of the Weibel fields near the 
beam creation plane and significantly inhibit fast electron transport. Small fast electron beam 
divergence results in strong self-generated B-fields that can guide fast electron transport.  We 
have also demonstrated the feasibility of probing the Weibel-like field structures with high-
energy (e.g., 10 MeV) protons in 3D geometry. In summary, we have completed all the proposed 
work described in the Statement Of Work of this NIF Concept Exploration project.  
 
DISSEMINATION OF THE RESULTS  
 The results will be presented at the international workshop and conference such as the 
12th International Workshop on Fast Ignition of Fusion Targets, Nov. 4-8, 2012 in Napa Valley, 
CA. A publication in peer-reviewed journal is planned.  
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